Targeted therapy based on specific genetic alterations has been proven to be an effective treatment for various types of cancer. In the present study, we aimed to explore the efficacy of personalized targeted therapy guided by targeted deep sequencing for patients with advanced biliary tract cancer (BTC) after non-radical resection. Targeted deep sequencing was performed on 49 patients with BTC, to whom biologic agents were recommended. Among 32 patients with stage IV and R2 resection (a non-radical resection), 21 patients underwent conventional chemotherapy (mGEMOX), while the remaining 11 patients received a personalized targeted agent. The genomic landscape of the 49 patients with BTC was determined and the results showed that genetic alterations were enriched in the ERBB family and cell cycle pathway. After a median follow-up of 12 months, the 11 BTC patients with personalized targeted therapy showed a median progression-free survival (PFS) of 4.5 months (2.5-20.5 months), a median overall survival (OS) of 12.9 months (4.7-24.8 months) and a disease control rate (DCR) of 63.6%. In the other 21 BTC patients, who were undergoing conventional chemotherapy, the BTC patients had a median PFS of 1.5 months (0.5-11.6 months), a median OS of 4.1 months (1.3-18.4 months), and a DCR of 33.3%. In addition, 36.4% of the patients in the personalized targeted therapy group experienced grade >2 treatment-related toxicity vs. 19.0% of patients in the conventional chemotherapy group. This real-world study suggests that targeted deep sequencing contributes to the guidance of personalized targeted therapy based on individual actionable mutations, which may benefit advanced BTC patients undergoing non-radical resection.
Introduction
Biliary tract cancer (BTC) is a devastating disease of the digestive system with poor prognosis, and mainly includes bile duct carcinoma and gallbladder carcinoma (GBC). The 5-year survival rate is less than 10% in patients with advanced or metastatic BTCs according to the National Cancer Database of the American College of Surgeons and the Surveillance, Epidemiology, and End Results (SEER) Program (1) . The potentially best treatment for patients with BTCs is radical resection, but many patients are not suitable for curative surgery. For patients with advanced BTC undergoing non-radical resection, the prognosis is very poor. Therefore, the exploration of a new strategy of more precise and effective treatment is critical to improve the prognosis of patients with advanced BTCs undergoing non-radical resection.
Precision medicine means matching the right patients with the right drugs. The use of genetic mutation testing is often required prior to issuing a matching prescription. The availability of appropriate molecular profiling is the key to precision medicine in routine clinical settings (2) . A few studies have reported genetic mutation profiling in biliary tract tumors (3) (4) (5) (6) (7) . In intrahepatic bile duct carcinoma, genes from the mitogen-activated protein kinase (MAPK) signaling pathway (8) are frequently mutated, and gene fusions from the fibroblast growth factor receptor (FGFR) family are also Targeted deep sequencing contributes to guiding personalized targeted therapy for advanced biliary tract cancer patients with non-radical resection: A real-world study common (9) . The erythroblastic leukemia viral (v-erb-b) oncogene homolog (ERBB) family including epidermal growth factor receptor (EGFR, also known as ERBB1), ERBB2 (also known as HER2), ERBB3 and ERBB4 has a central role in the tumorigenesis and development (10) . The ERBB family receptors are able to activate several downstream pathways, including the RAS-ERK and PI3K-AKT pathways (11) . In the Chinese population, alterations in the ERBB family and its downstream signaling pathway account for up to 36 .8% of the alterations detected in gallbladder cancer, and further multivariate analyses have revealed that cases with ERBB pathway mutations have worse outcomes (12) . Studies in BTC cell lines have confirmed that the ERBB pathway may be a suitable candidate for disruption as part of treatment for BTC patients (13) . Many mutated genes in biliary tract tumors, including ERBB2, PIK3CA, FGFR and IDH1, are targets for biological drugs. There are several studies indicating the potential of comprehensive genomic profiling for improving outcomes in advanced BTC patients (14, 15) . However, the clinical efficacy of personalized targeted therapy based on the genetic alterations found in BTC patients undergoing non-radical resection has not yet been reported. We aim to investigate the efficacy and safety of personalized targeted therapy with excellent potential for actual use based on specific genetic alterations for patients with advanced BTC after non-radical resection in this real-world study.
Materials and methods
Patients and data collection. (Table II) . To investigate the impact of targeted medicine on patients with advanced BTC, eligibility criteria included R2 resection of biliary cancer at TNM stage IV, at least one measurable lesion at baseline and the detection of targeted deep sequencing. These BTC patients began drug treatment one month after the operation. For these patients, a regimen of mGEMOX (16) (gemcitabine 900 mg/m 2 and oxaliplatin 80 mg/m 2 i.v. infusion on days 1 and 8 every 3 weeks until disease progression or intolerable toxicity) was initially proposed by the local multidisciplinary team as the standard first-line chemotherapy (chemotherapy group). In patients found to have at least one targetable variant and who declined chemotherapy, a biological agent was recommended as an alternative treatment. The specific agent was selected according to the potentially targetable altered gene (targeted therapy group). The information of targetable altered genes corresponding to the biological agent is shown (Table SI) . When a patient had some targetable altered genes, we recommended the drugs for patients according to different levels of evidence and gave them all the information they required. The highest level of evidence is that targeted drugs addressing specific gene mutations have been approved by the US Food and Drug Administration (FDA) or China Food and Drug Administration (CFDA) in this tumor. The second kind of evidence is that targeted drugs addressing specific gene mutations have been approved by the FDA or CFDA in other tumors. The third kind of evidence is that also drugs specific to this gene mutation are currently being assessed in clinical trials. The weakest evidence is some preclinical data about the relationship of the drug-gene mutation associations. In this real-world clinical study, the patients made decisions themselves according to the availability of specific drugs and what they were able to afford. The recorded data also included clinicopathological features, operative morbidity, drug administration, number of treatment cycles, and therapy-related toxicity (Tables III and IV) .
Study assessment. Progression-free survival (PFS), overall survival (OS) and disease control rate (DCR) were used to assess the efficacy of treatments. The PFS of patients was measured as the duration from the beginning of chemotherapy or precision therapy to the time of disease progression [according to RECIST 1.1 (17)] or death. OS was defined as the period from the start of chemotherapy or targeted therapy to death. The PFS and OS were calculated for all enrolled patients (Table SII) . Disease control was defined at the first response assessment as indicated by imaging. Response and disease progression were evaluated using the international criteria proposed by the revised Response Evaluation Criteria in Solid Tumors (RECIST 1.1) Committee (17) . The grade of treatment-related toxicities was evaluated according to the National Cancer Institute Common Terminology Criteria for Adverse Events (version 3.0) (18) , in order to assess the safety of treatments.
Targeted deep sequencing and variant calling. According to our previous study (19) , this panel of targeted deep sequencing consisted of 4,557 exons of 365 tumor-associated genes, and 45 introns from 25 genes where frequent gene fusions could be captured in cancer (Table SIII) (20) . Somatic single-nucleotide variants (SNVs) were identified using Mutect 1.1.4 with default settings, and Indels (smaller than 50 bp) were identified by Pindel v0.2.5b8 and VarScan v2.4.0 with default settings (21) (22) (23) . For somatic copy number alterations (CNAs), coverage in the tumor was normalized to that in the matched control (blood DNA). Our in-house program combined with modified algorithm was applied to call somatic CNAs (24) . Actionable genomic alterations were defined as being linked to commercially available targeted therapies or to targeted therapies currently in ongoing clinical trials. To further annotate the genetic variants found in each patient, an in-house manually reviewed clinical database (3D Medicines Inc.) was used to develop plans for targeted therapy.
Statistical methods. The difference in age between the two groups was tested by using the Student's t test. Fisher's exact test was used to assess the significance of differences between groups, such as sex, cancer type, TNM stage, and operative complication. The heatmap was plotted by R package GenVisR 1.0.2 (25) , which was used to demonstrate somatic mutations spectrum across BTC cohorts. Statistical analyses were performed using R packages. The log-rank test and Kaplan-Meier analyses were performed for PFS and OS. P<0.05 was considered statistically significant. Kaplan-Meier analyses were performed using SPSS statistical software (version 19.0; SPSS Inc.).
Results

Clinical characteristics of the patients with biliary tract cancer (BTC).
In the present study, we enrolled 49 BTC patients with a median age of 59 years (range, 26-72) at diagnosis (Table I) Genetic alterations are enriched in the ERBB family and cell cycle pathway in patients with BTC. The genomic landscape of the 49 patients established that TP53 (n=31, 63.3%) variants were most prevalent, followed by variants in KRAS (n=12, 24.5%), ARID1A (n= 6, 12.2%), PIK3CA (n= 6, 12.2%), SMAD4 (n= 6, 12.2%), CDKN2A (n=5, 10.2%), and ERBB4 (n=5, 10.2%) ( Fig. 1 ). Further analysis of copy number alterations (CNAs) showed low levels of recurrent amplified genes, such as PIK3CA, SMAD4, FGFR3, SRC, PIK3R2, CDK4, ERBB2, and CDK6. Among these genes, PIK3CA, ERBB2, CDK4, and CDK6 may be suitable drug targets for these BTC patients. In 21 patients with gallbladder cancer (GBC), 8 had mutations in the ERBB pathway. Further analysis of all of the alterations demonstrated that these altered genes were highly enriched in the ERBB family or the cell cycle pathway ( Fig. 2A and B ).
Personalized targeted therapy in advanced BTC patients with R2 resection. Because tumor staging and resection margins can significantly impact the prognosis of patients with BTCs (26,27), only 32 patients who met the eligibility criteria of having stage IV disease and R2 resection were enrolled in the treatment study (Table II) . The patient characteristics, age, sex, cancer type, pTNM stage, and operative morbidity, were similar between the targeted therapy and conventional chemotherapy groups (Table II ). In the targeted therapy group, 11 patients received corresponding targeted therapy as an alternative to chemotherapy (Tables III and IV) . The mutated genes, recommended drugs, drug administration (drug usage, dosage, and cycle), operative morbidity, prognosis, and treatment-related toxicities of the two groups are described in Tables III and IV. The targeted drugs lapatinib, everolimus, dasatinib, imatinib, pazopanib, and regorafenib were administered to 11 BTC patients in the targeted therapy group, while mGEMOX was given to 21 patients in the chemotherapy group. The administration of these targeted agents and chemotherapeutic regimens was performed by the local multidisciplinary team in this study.
According to the revised RECIST guideline (version 1.1), the targeted therapy group had partial response (PR) in 3 patients, stable disease (SD) in 4 patients, and progressive disease (PD) in the remaining 4 patients, while the chemotherapy group had 2 patients with PR, 5 with SD, and 14 with PD (Tables III and IV) . The targeted therapy group had a 63.6% disease control rate (DCR), while the chemotherapy group had a 33.3% DCR. Moreover, the targeted therapy group had a median PFS of (Table III and Fig. S2A ). Based on her genetic alterations (Fig. 4A) , a targeted drug, regorafenib, targeting RET (160 mg/day) was recommended and was administered on January 25, 2015. On April 21, 2015, the sum of the diameters of all of the measurable lesions was decreased by 29.2% (SD) according to RECIST 1.1 (Fig. S2B) . The patient's performance status was found to have improved a month later, with a reported increase in body weight and decrease in abdominal pain. The patient continued to experience stable disease based on CT imaging (Fig. S2C ). However, the patient ceased regorafenib treatment on July 18, 2017 due to Grade 3 fatigue and Grade 2 nausea, vomiting, diarrhea, and stomatitis. On July 30, the CT images showed PD and the sum of the diameters had increased to the pre-treatment RECIST measurements (Fig. S2D ). For this reason, a PFS period of 6 months was recorded for this patient from initiation of treatment in January to disease progression in July (Fig. 4B ). There were also 2 patients with BTC, who received personalized precise therapy with satisfying results. One patient (BTC-010) with stage IVa intrahepatic cholangiocarcinoma who underwent R2 resection, harbored an ERBB3 p.R1127H mutation and the ERBB inhibitor lapatinib was administered (Table III) . The PFS and OS of this patient were 20.5 and 24.8 months, respectively. The other intrahepatic cholangiocarcinoma patient (BTC-034), also with stage IVa disease, carried a PDGFRA p.T1066I mutation and was treated with imatinib as recommended (Table III) . The PFS and OS were 7.5 and 15.8 months respectively.
Discussion
In the present study, the landscape of genomic variants in 49 Chinese biliary tract cancer (BTC) patients was obtained. Several studies on whole-exome sequencing and whole genome sequencing of BTCs have recently been published (3, 12, (28) (29) (30) . TP53 and KRAS were reported as the mostly frequently mutated genes in previous studies (9, 31) , and the majority of the variants are single nucleotide variants. These findings Table III are consistent with our results. However, we found a higher frequency of CDKN2A loss in comparison to Western cohorts (14) . High BRCA and IDH mutations were reported in cholangiocarcinoma of Western populations (3) (4) (5) 14) , while no such mutations were found in our study. These aforementioned studies only described the genomic variant landscape and the relationship between prognosis and genomic variants. The use of this genomic profiling information to guide clinical treatment has not been available to use (14, 15) . Our study focused on advanced BTC patients with non-radical resection, and we assessed the clinical efficacy and safety of personalized targeted therapy guided by targeted deep sequencing in these patients.
In recent years, biomarker-driven clinical trials have been carried out in a wide variety of cancers. Targeted deep sequencing that can achieve high sequencing depth is crucial to accurately identify genomic variants in formalin-fixed paraffin-embedded samples with low tumor cell content and high heterogeneity (32) (33) (34) , and has also been recognized as a practical method for clinical genetic alteration detection in many types of cancers (35) (36) (37) . Nevertheless, no studies have been reported on the application of genomic profiling Figure 2 . Cellular signaling pathways associated with the mutated genes of the biliary tract cancer (BTC) cases. The mutated genes in 49 patients with BTCs were found to be mainly distributed in the (A) ERBB family signaling pathway and (B) cell cycle signaling pathway. Genes responsible for somatic cell variants and the proportion of mutated genes in 49 patients are indicated in the signal transduction pathway. Different types of variants are marked with different colors, such as mutation (green), gain (red), and loss (blue). EGFR, epidermal growth factor receptor; ERBB2, Erb-B2 receptor tyrosine kinase; MET, MET proto-oncogene, receptor tyrosine kinase; NF1, neurofibromin 1; KRAS, KRAS proto-oncogene, GTPase; HRAS, HRas proto-oncogene, GTPase; PIK3CA, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit α; PIK3R2, phosphoinositide-3-kinase regulatory subunit 2; ARAF, A-Raf proto-oncogene, serine/threonine kinase; BRAF, B-Raf proto-oncogene, serine/threonine kinase; PTEN, phosphatase and tensin homolog; AKT, protein kinase B; mTOR, mechanistic target of rapamycin kinase; MYC, MYC proto-oncogene, bHLH transcription factor; CDKN2A, cyclin dependent kinase inhibitor 2A; CDKN2B, cyclin dependent kinase inhibitor 2B; MDM2, MDM2 proto-oncogene; TP53, tumor protein P53; ATM, ATM serine/threonine kinase; ATR, ATR serine/threonine kinase; CDC25A, cell division cycle 25A; CDK4, cyclin dependent kinase 4; CDK6, cyclin dependent kinase 6; CCND1, cyclin D1; CHEK1, checkpoint kinase 1; CHEK2, checkpoint kinase 2; E2F1, E2F transcription factor 1; RB1, RB transcriptional corepressor 1. information to guide the precision treatment for a group of advanced BTC patients with non-radical resection. Our study was designed to use targeted deep sequencing for the detection of genetic mutations to guide clinical decision-making in advanced BTC patients with non-radical resection. The personalized targeted therapy group had a median PFS of 4.5 months, a median OS of 12.9 months and a 63.6% DCR, while the chemotherapy group had a median PFS of 1.5 months, a median OS of 4.1 months, and a 33.3% DCR. These results may provide preliminary evidence to support the development of a novel treatment strategy of personalized targeted therapy for advanced BTC patients with non-radical resection.
Gemcitabine plus cisplatin (GC) is the standard treatment for advanced BTC for this decade, demonstrating a median OS of gemcitabine regimen of 8.1 months and GC of 11.7 months, respectively (38) . The OS of GC reported is longer than that explored in our study. However, there are some differences between their research and ours. Regarding group selection, we focused on the patients with R2 resection, while they choose patients who did not receive surgery. The two sets of patients are not comparable. The staging system is also different. The 32 patients we used to analyze prognosis were all stage IV patients (with metastatic tumors) in our study, while part of their group was made up of patients with locally advanced cancer but no metastatic tumors. The prognosis of these patients by stage is quite different. Our study more closely reflects real-world clinical practice for advanced BTC with non-radical resection, in which the standardization of drug use and other factors are not as strict as in clinical drug trials.
Treatment-related toxicity is a crucial factor that influences clinical drug use and effects (39, 40) . In this study, all of the patients in the targeted therapy group experienced Grade 2 or 3 treatment-related toxicities, while five patients in conventional chemotherapy group did. When Grade 2 and 3 toxicity occurred, the drugs could be continuously used by adjusting the drug dosage and drug properties. In both groups, some patients with Grade 2 or 3 toxicities continued taking medicine by reducing the dosage or making other changes. Only one patient in the chemotherapy group with Grade 4 renal impairment stopped taking the drugs. Most patients were on medication regimens for only a short time and the patients in the chemotherapy group did not experience any treatment-related toxicity because of the rapid progression of the disease, which does not mean that these chemotherapeutic drugs had low toxicity. Overall, both targeted therapy and chemotherapy were found to pose some risk of toxicity for BTC patients in real-world clinical practice. The key is finding a way to reduce treatment-related toxicity through drug adjustment or other means so that BTC patients can continue and complete their medication regimens.
In our cohort, 8 of 21 (38.1%) GBC patients had mutations in the ERBB pathway. It has also been reported that approximately 36.8% of GBC patients have aberrant ERBB signaling, and multivariate analyses revealed that patients with ERBB pathway mutations had worse outcomes (12) . However, there are no clinical studies that have explored if interrogating ERBB signaling can improve the prognoses of such GBC patients. In this study, 3 advanced GBC patients who received therapy specifically targeting alterations in the ERBB pathway achieved marginally longer PFS and OS (Fig. S3 ), in comparison to the 5 GBC patients who underwent conventional chemotherapy. Despite the small sample size of GBC patients treated with targeted therapy, the preliminary results have shed light on precision therapy for GBC patients with mutations in the ERBB signaling pathway.
Furthermore, we observed that most BTC patients who progressed rapidly such that those in the chemotherapy group experienced only 1-2 cycles of chemotherapy (Table IV) . Some BTC patients experienced treatment-related toxicity and had to stop taking chemotherapy drugs. Overall, BTC patients with PR and SD underwent more cycles than those with PD did. Here, BTC-045 was an outlier. BTC-045 had PD and underwent six cycles of chemotherapy. To some extent, chemotherapy cycles are related with disease progression in this real-world clinical study.
The present research has several limitations. Some recommended targeted drugs are difficult to obtain because some of them have been approved by the United States Food and Drug Administration (FDA) but not by the China Food and Drug Administration (CFDA). In consideration of high medical costs, many patients chose the cheaper option, even if another option was favored that may have been more effective. Furthermore, genetic testing did not show which mutations were related to the resistance of chemotherapy in the present study. We do not have access to any other information on BTC patients with targetable altered genes resistant to chemotherapy. In addition, toxicity caused a dose reduction in the targeted drugs, optimization of the medication plan, or finally discontinuation in the medication in this study, which affected the evaluation of the drug effect. Although this real-world clinical study included the greatest number of patients with R2 resection undergoing personalized precision therapy of any such study, total sample size and the proportion of BTC patients taking the medicine were relatively small. Large umbrella trials of personalized precision therapy are needed to confirm our findings. Despite various limitations, this study reflects real-world clinical practice as it relates to personalized targeted therapy guided by targeted deep sequencing in patients with advanced BTC undergoing non-radical resection in China.
In conclusion, the results of this clinical study suggest that targeted deep sequencing offers a promising method of detecting actionable genetic alterations in BTC cases for precision therapy. This study provides preliminary evidence that personalized targeted therapy based on actionable genetic alterations may benefit patients with advanced BTC undergoing non-radical resection. Large umbrella trials covering personalized precision therapy are needed to confirm the clinical efficacy and safety of this therapeutic strategy for patients with advanced BTC undergoing non-radical resection.
